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ADSTRACT

Narrow band optical and near-]lt images are used to study color gradients in elliptical galaxies. Over 9070
of the 23 galaxies observed display gradients at the Icvcl equivalent to AMg2/Alog r = –0.043 + 0.017 or
AMg2/Apv = –0.015 + 0.007. Near-I1t  colors imply A[lI’c/11]/Alog  r = –0.44 and core [11’c/11]  values between
0.0 and 0.3 versus halo values near –0.8. The discrepancy bctwccn  optical colors, influenced by light element
abundauccs  (particularly CN), and J – K, which is dominated by the true mctallicity as reflected in the mean
GII temperature, suggests the hypothesis proposed by Worthcy,  l’abcr  and Gonzalez (1 992) is correct, that
the [Mg/Fc] ratio in cllipticals  differs from other galaxies due to an enhanced ‘1’yl)c 11 SN component at the
initial phase of star formation. Whereas, most galaxies display graclicnts,  some galaxies display a two component
gradient structure with strong core gradients and weak halo gradients, si~nilarly  to those firsi  noticed by Thomsen
and IIaurn. This implies that, spatially, the early star formation histories in cllipticals  are more complicated
than the standard scenarios of galaxy formation predict, such that there existed an early phase of star formation
which was slower than the timcscalcs  for gas infal]. l’llis  produced an inner region with a strong [Fe/II] gradient
whereas weak halo gradients originated from either a later phase  of slower star formation or mergers with
lCSS massive neighbors. Gradicuts  in our continuu~u color, b – y, signals a IIIID population contribution in
the integrated light and warns that fiucr know]cdgc  of the color cvolutiouary  history of clliptica]s  will require
substantial improvetncnts  in our SED models in order to predict bcllavior  from the far-UV  to tile near-]lt.

Subjcci headings: galaxies: photometry - galaxies: evolution - galaxies: formation - mass-luminosity relation

1 Visiting Astronomer, I{itt l>cali National Observatory. K1’NO  is opcra~ccl by ALJ1{A, Inc. under coopcrat,ivc  agrcc-
mcnt  wit]l tllc National Science F’oundatioll
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I. Introduction

l’hc  relationship between color and luminosity for galaxies, as well as color gradients within galaxies, reflects
the complicated interplay between star formation history and chemical evolution in systems with composite stel-
lar populations. IIowevcr, in single generation objects, such as elliptical grdaxics, a unique age to the stellar
population implies that color variations arc primarily meta]licity  dcpcndcnt. Although we have increasing evi-
dence that elliptical are more than a simple, single generation stellar population (Rose 1985, Worthey  1992),
theoretical work on the spread of chemical abundance in stars produced during the initial star burst (Arirnoto
and Yoshii 1986)  demonstrates that mctallicity gradicuts  arc still a powerful probe into the details of galaxy
formation regardless of age complications.

l’he  study of meta]icit  y gradients is an examination of the relics of the first cpocll of star formation and, thus,
another issue that metal licity gradients can address is the relationship between chemical and dynamical cvolutiou
during the initial phase of star formation. Formation gas is enriched by the ejccta from first generation stars.
l’l~is gas cools and dissipates causing metal cnrichcd  gas to become more centrally concentrated, Subsequent
star formation freezes the distribution of mean [1’e/11]  into the angular momentum of the stellar orbits with
lower mctallicity stars on higher angular momentum orbits (1.arson 1975, Gott and l’huan 1976, White 1980,
van Albada  1982). As the late stages of stellar evolution dominates the integrated luminosity of the galaxy, these
mctallicity  differences are reflected into color gradients. ‘1’bus, the strength of color gradients is directly related
to the rate and style of star formation during galaxy formation. ‘1’hc  standard galaxy formation models predict
high [Fc/JI] values and high metallicity  gradients (rl’homseu  and ]Iaum  1989), whereas dynamical evolution, such
as rncrgcrs, serves to lower gradients (1’eletier, Valcntijn  and Jameson  1990).

In order to examine the chemical evolution in cl]ipticals,  one would like to obtain line information on various
spectral features as a function of radius. ]Iut,  since line gradient work was impossib]c  in the early years, initial
work concentrated on the usc of aperture photometry (dc Vaucou]curs  and dc Vaucoulcurs  1972, Sandage and
Visvanathan  1978, Frogel et a~. 1978) and photographic material (Strom et a/. 1976) using tlltcrs  sensitive
to regions dominated by metal lines (e.g. the near-blue). ‘J’hcsc studies demons. tratcd that most early type
galaxies have blue gradients as predicted Lry early modc]s of galaxy formation. With the advent of linear arcal
detectors (i.e. CCD’S)  numerous studies acquired highly accurate data, usually in a broadband Johnson systcm
(Franx  and I]lingworth  1990, I’eletier  et al. 1990, Jcdrzcjcwski  1987, Iloroson  and Ilompson  1987, Cohen 1986,
Davis et al. 1985) and with the rcccnt  dcvclopmcnt  of near-hi arrays, more work has extended the obscrvatic)nal
database with l)ear-IIt  JHK photometry (Pcleticr, \~alcntijn ancl J amcson  1990, Silva and l;lston 1983). All tllcsc
studies can bc summarized in that they confirm the early aperture work on blue gradients with two important
en]lanccmcnts:  1 ) the gradients found are modest, only on the order of A(U – J;)/Alog r = –0.1 1 corresponding
to A[l~c/11]/Alogr  = –0.3 and 2) some galaxies exhibit a two colnponcnt,  gradient (strong core, weak Ilalo).

‘1’hc above color work was confirmed by liuc strength work (F’abcr, IIurstcin  and Ilrcsslcr  1977, Gorgas,
Efstathiou  and Salamanca  1990, l>avidagc 1993) but fcw of these studies were able to reach deep into clliptica]
halos. On the other hand, broad band colors can be scvcrcly IIampcrcd  by non-mctal]icity  effects within the
stellar population. For example, a small metal-poor poIJulation with a mean [Ire/ll] < — 1.5 can severely hamper
broadband analysis from B – V colors due to a strong blue horizontal branch (1)1111)  contribution. l’hc  degeneracy
bctwccn agc and mctallicity is WC1l known (SCC IIursteiu  1985 for a review) ancl cannot bc resolved in broad band
systems. ‘1’hc  usual solution is either the usc of spectral indices (Gorgas, Efstatlliou  and Salamanca 1990,
q’homscn  and ]Iaum  1989) or long baseline colors to distinguish bctwccn  main scqucncc  and giant branch stars
(i.e. V - ~f, J’crsson, Frogel  and Aaronson  1979). This study attempts a slightly modiflcd approach combining a
narrow band blue photometry systcm  with near-l}t imaging, thus maintaining the two dimensional information
at the sacrifice of spectral resolution with tllc cvcntua]  aim of directly coloparillg  (I)c mcta]icity  rcsu]ts  from cool
giants (near-llt) with non-degenerate narrow Lrand iudiccs in the li]le blanketed llear-b]ue  region of the spectrum.
Our goal, then, is twofold: 1) compare the differences in the contribution of tllc uuclcrlying stellar population
in cllipticals  from the optical to the near-Ilt as a test of galaxy forlliation  a]ld evolution tl]eory and 2) link tile
colors to spectral iudiccs  in order to dctcrminc  the chcmica] evolutionary history of el]ipticals  both globally and
spatially.

Cosmological parameters of }10 = 100 km See-1 Mpc - ], S20 = 0.2 and a Virgo distance of 14.5 Mpc are
adopted for this study.

11. Ol)scrvatiolls
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a). Optical

‘1’he  optical data for this study were obtained on MichigamDartn~outlI-MIT’s  1.3nl telescope located on
the southwest ridge at I(I’N  O. The CCL) device used was a Thomson CSF with a plate scale of 0.48 arcsec
pcr pixel. This device has 30?Z0 Q13 at 3500~,  80% QE at 5500~ and excellent flattening characteristics. Rest
frame Stromgrcn  uvby images were obtained using a filter set devised for the study color evolution of distant
clusters (SCC Rakes, Schombert  and Kreidl  1991) and are casil y obtained from commercial optical manufacturers.
Exposure times ranged from 600 to 900 sccs and calibration used standards from Perry, Olsen and Crawford
(1 987). Although tl~c Stromgren  systcm  is a color systcm,  the standards from Perry, Olsen and Crawford contain
a Johnson V value allowing tile conversion of the y data to a standard flux zeropoint.

‘1’hc  Stromgren  narrow band systcm  was chosen to avoid some of tile ambiguity generated by broad band
filter systems such as Johnson Ull V. l’he intent is to apply the resulting color indices to a homogeneous group
of objects (bright elliptica!s)  to search for subtle differences. in this context, the optical filters are selected to
bc sensitive to various regions of interest relative to an object composed primarily of an old, metal-rich stellar
population. The u filter samples the near-UV portion of the spcc~rum  at 3500~.  ‘1’he  v filter is centered on the
lc-CN blend at 4100~.  ‘1’he  b and y filters arc selected to avoid any fcatur-es  and serve M continuum benchmarks.
‘1’hcsc  filters are shown in Figure 1 along with a spectrum of a bright c]liptical.

llc data were reduced to 1 I) surface photometry in all bandpasses using the software package ARCIIANGEL
(Schombert  et al. 1989). Colors were determined by three methods: 1) luminosity weighted integrated ccjlor,
a mean color weighted by the y isophotc,  2) metric colors, colors within an aperture in kpc and 3) multi-color
surface photometry, color as a function of radius for gradient analysis. “J’IIc luminosity weighted colors listed in
‘J’ab!c  1 are used as the galaxy color unless noted in the text. ltl gcmcral,  tile errors in the colors were calculated
based on rcduct.ion of separate frames. ‘Jlcse analysis produced mean errors on the luminosity weighted colors
to bc +0.06  in u – v, +0.04  in v – y and *0.03 in b – y. k;rror bars on the surface photometry are based on
ltMS values around the ellipse in question as WC1l as a component duc to the uncertainty of the sky value. Mean
colors and dispersions for tl]c sample are given in Table 2. IIlue magnitudes, velocities and extinction values
were taken from NED (N ASA/Extragalactic  ])atabase, IIelou ei al. 1991 ) and all tllc data were corrected for
Galactic extinction and redshift  effects using the prescriptions of Schneider, Gunn and IIoessel (1983). Gradients
were c.a~cu]ated  try making a linear fit to a subjective region between the limits  set by seeing and were sky errors
dominated the outer colors. Fits were made to upper and lower errors to determine tile error on the gradients.

b). Near-lR

‘J’llc near-]lt data for this study were obtained on the K1’NO  1.3111 using two clevices;  lltl M, an SIIILC 62x58
lnSb array plus reimaging optics for a plate scale of 1.35 arcscc per pixel al]d SQIII),  a four component camera
using scpara(c  IIughes  256x256 hybrid platinum silicide arrays. IIot,h  cameras were calibrated using Elias ei al.
(1982) standards and were corrected for non-linearity using prcscriptiom found in the NOAO manuals. The
IItlhl data was taken in a series of ten 60 scc exposures through J (1 .251/]n),  }1 (1 .65/lm)  and K (2.2pn1).  Due
to the limited sky coverage for this array, a cross pattern mosaic was used to check that the real sky level was
acllicvcd. ‘1’he  data WLLS flattened using mean sky frames taken bctwccn  ol~jcct frames. The SQII1)  data was taken
in series of 180 scc exposures ofl’set to sky every fiflb exposure for sky flats. ‘1’hc lower QE on SQII1)  required
mLIClI  ]ongcr  total exposure times to achicvc the same surface brightness dcj)tll as IItlhfi, however, the larger
field of view and simultaneous color information rcduccd the actual ovcrl~cad  so tliat a comparable number of
objcc!s  was obtained with SQIII)  as lltIhl, ‘J’he near-IR data arc ICSS  deep in surface brightness than the optical
data since cllipticals  are typically 4 times more luminous at A’ than at V (5500 ~), but, the sky is 10,000 times
Lrriglltcr.  q’ypical]y the K data w= good to O.1~0  of sky wllicll corrcsI,onds  to 19 K mag arcscc-2  or 22 V m a g
arcscc– 2. II;rror  analysis was similar to the ol)tical  colors, based on multiple exposures rccluccd  separately. ‘1’hc
mca~i errors in V — K and 3 – 1{ were i-O.06 and +0.04.  ‘1’llcsc near-l]t )Jassbands arc tile standard JIJ1{ systcm
and tllcir  characteristics, with respect to elliptical, are rcvicwcd in t,llc series of papers by ]’crsson, l’rogcl and
Aaronson (1 979) (see F’igurc  1). This region of tbc spectrum is particularly sensitive to cool, luminous giants
and serves to indicate age, metallicity and rcccnt  star forlnation  wlicn compared to optical colors (SCC llotllul~
1990). in total, nine cllipticals  were imaged with SQII1)  and six with IItl M, ‘1’hc data was recluced  to 1 D surface
pllotolnet,ry  exactly the same way as tl]c optical data. All the data were corrected for Galactic extinction and
rcdsl]ifl effects usi~)g the prescriptions of ‘J’]luan and I’USCIICI1 (1989),
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c). Mg2 system  and [Fe/11] in elliptica]s

The idealized situation in the study of abundances, and global chemical evolution in galaxies, is knowledge
of the value of Z, the mass fraction of elements heavier than helium, as a function of position and time. Rowever,
this is clearly impractical and one usually resorts to quantifying [Fe/Ii] to a spectral index using solar system
standards. In this regard, one of the more common indices in use for elliptical is the Mg triplet feature at
5200~.  The usual expression of the Mg triplet is the Mgz system (Faber  et al. 1989) which hzw been used in
several gradient studies (Gorgas,  llfstathiou and Salamanca  1990, Thomsen  and IIaum  1989). In addition, recent
work by Duzzoni,  Gariboldi  and Mantegazza (1992) and Worthey (1992) provide a new calibration from hlg2 to
[1’e/H] as well as to V – K and J – K in elliptical.

q’he first step in comparing our photometry system to [Fe/1 I] is a comparison of h4g2 to our rnetallicit  y
indicator, v — y. This relationship is shown in Figure 2 where the h4g2 values of 15 galaxies are taken from Faber
et al. 1989 and v — yO colors are produced from the region within the galaxy which matches the size of the slits
used to determine Mg2. E]lipticals  are separated into cooling flow objects and normal elliptical; however, no
diffcrcncc was dctectcd between these types (SCC below). A linear fit to this rc]ations  gives

A4g2 = 0.24(v  – y) --0.09. (1)

And using the relation of Mg2 to [Ire/II] from Buzzoni, Gariboldi  and Mautegazza ( 1992) gives

[l’e/II] = 1.776(v -y) -2,741. (2)

On the other hand, using the calibration from Worthcy  (1 992), who adopts a larger dependcnc.e  between
Mg and Fc for rcd giants gives

[Fe/IJ] = 1.118(v -y) -1.856. (3)

Worthey ’s calibration is somewhat more confident since actually lC lines and moclel atmospheres are used.
‘1’llis  comparison of meta]licity  values assumes that the ratio  of h4g to Fc is unity. Recent evidence, presented by
Worthcy, l’abcr  and Gonzalez (1992) suggests that [h4g/Fc] exceccls this value by 0.2 dcx signaling an cnhanccd
contribution from Type II SN’S. This problcm  with hlg abundant.c can bc avoided by directly calibrating v – y
color, which measures the CN band, to [Fe/11], however, tllcre  arc too fcw galaxies with direct spectroscopic
determination of Fe to perform this task. We do note that the slope of v – y to h1g2 is exactly the same as
V – K to h4g2 from IIuzzoni,  Gariboldi  and Mantegmza  (1992). ‘1’his  situation is even more comp]icatcd  if one
considers t,hc globular cluster calibrations presented by }Irodic and ]Iucl]ra  ( 1990),  wllcrc their conversion from
M g2 to I(’c gives

[]’’c/]]] = 2.38(v -y) -3.10. (4)

IIowever,  this calibration is only prcscntcd  up to a [Fe/Ii] value of –0.5 and was never intended to calibration
solar, or greater, metal] icitics. Wortl]cy>s  modc]s produce an exccllcnt  fit to tile globular c]ustcr  data and indicate
a sharp rise in Mg2 to Fe slopes beyond [Fc/ll]=– O.5. ‘1’his  is a similar prob]cm for our near-I1t calibration of
mctallicity,  J – K, where Worthcy  calculates for greater than [l’’c/II]= –0.5

[Fc/11]  = 3.17(J -- 1{) -3.16 (5)

wllcrcas,  Rrodie  and lIuchra calculate

[1’e/11] = 5.57(J  - K)  - 5 . 2 0 (6)

for globular clusters. Again, the Worthcy modc]s matc]l tllc low lnctallicity  end of the scquc]lcc  and tllell
predict a sharp rise at [Fc/11]=–O.5.  For our discussion wc will adopt tllc Worthcy  cali}>ration and in ~111 wc
will dctcrlninc  an cmpirica]  calibrations from L4g to I(’c  using the above v – y calibration and model calibrated
J – 1{ colors. At the very least, wc can confirm the relation bctwccn  onc light clcmc]lt  color, v – y and the CN
blend, and another light c]cmcnt,  Nfg,
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‘J’here is little spatial Mg2 data in the literature, primarily from Grogas, Efstathiou  and Salamanca (1990).
IIowcvcr, a recent study by Davidagc  (1992) produced hfga data in NGC 2693 out to 15 arcsccs  which can bc
directly compared to the colors in this study. Figure 3 shows the comparison between Davidage and this studY
for w – y colors in NGC 2693 converted to Mg2 using t,hc above relation. The agrccmcnt  between the narrow
band colors and Davidage’s spectral features is good, and again reinforces our belief that we can reproduce Mg2
values with v — y colors.

III. Results

‘1’hc  photometric results of this study are summarized in “1’able 1. Mean colors were determined by a
luminosity weighting algorithm based on the V surface brightness of each contour. Core v – y colors (v – yO)
rcprcscnt  integrated colors within 2 arcsccs  for comparison to core hf g2 values in jIIc. Near-l R integrated colors
arc also listed in Table 1 weighted by ~ surface brightness. Also Iistcd are absolute blue magnitudes based on
velocities extracted from NED and the color gradients expressed as change in maguitudc  pcr log radius (SCC
Lc1ow). l’he  histograms of these colors are found in l’igure 4 with tile mean values for the optical colors found
in ‘J’able 2. Mean near-IR colors do not differ significantly from the values obtained in the pionccriug  studies
by Pcrsson,  Frogel and Aaronson (1979). Note that the only SO in tl)c sample, NGC 7332, has markedly bluer
colors due to a contribution from a younger disk population (SCC Bothun  and Gregg 1990). Once corrected for
the color-magnitude (CM) effect (see below), Lhc dispersion is solely duc to observational error and the effects of
strong color gradients. An exception to this IIomogcnity is that the galaxies whicl] exhibit strong X-ray emission
or actual cooling flow phenomenon have slightly redder, but statistically significant, V – K colors. This will be
discussed further in a separate paper (Schombert,  Barsony and IIanlan  1993) and the cooling flow galaxies arc
marked M a reference for the rcacler, }]ut, were not exc.lucled from the analysis, The mean colors in Table  2 will
also be used in a later paper to define the zero epoch characteristics of cllipticals  in a study of color evolution
from z=O to z= 1 (Rakes and Schombcrt  1993).

The color-magnitude relations are shown in ligurc 5 using luminosity wcightccl integrated colors and total
blue magnitudes. The w – y and v – y colors display clear correlations with absolute luminosity in a similar
manner and magnitude as the old U – V and B – V correlations (Visvanathan  and Sandagc  1977, Griersmith
1982). ‘J’hc near-l]t colors also display the expcctcd correlations, although J – K cxbibits  a more significant
relation than V — K. This is due, somewhat, to the peculiar rcd V – K colors displayed by cooling flow galaxies,
but the normal cllipticals  also display a weaker correlation of lu]ninosity  wit]]  V – K versus ,1 – K. Note that
b – y displays no correlation with luminosity. ‘J’lIc  various lillcar fits for each color are also found in Figure 5, as
WCII as the errors on tllc fits.

Significant gradients were found in 22 out of 23 elliptical (95’%) in the optical and 13 out, of 15 (88%) in the
near-l]t surface photometry. The color profllcs arc shown in l’igurcs 6, 7 and 8 for the colors u – y, 3 – K and
the cross band color V – K. Gradients, expressed in units of Acolor/Alog  r, and their errors arc listed in Table
3 and arc based on linear fits to intermediate regions of the color profi]cs  to mininlizc  distortions due to seeing
errors in tllc core and large error bars in tile halos. In genera], the same features are seen in the color profiles for
all color indices (exceptions are NGC 507 and NGC 6702 wllicll disl)lay sharper gradients in 3 – K than v – y).
‘J’hc gradients in V – K and v – y arc weakly corrc]atcd;  however, none of the gradients are strictly linear in
log r sl)acc and many galaxies exhibit a two co]nponcnt  nature in tllcir  color profi]cs  which l)rohibits  a direct
com~)arison  of the gradients in different filt,crs (SCC below). hlcall gradients arc A(v – y)/Alog r = –0.18 + ().08
and A(h – y)/Alog r = —0.09 + 0,04. In terms of a dimensionless surface brightness index (Thomscn  and Ba,um
1989), the mean gradient for clliptica]s  was A(v – y)/Al/l, = –0.06 + 0.03. ILclating  the v – y index to the Mg2

system from ~lIc produces mean gradients for tl]e norvnal  elliptical sample of AAfgz/AlltJ  = –0.015 + 0.007,
wllicll is slightly shallower than the gradients found in tllrce Coma clli])ticals  in a study  by ‘J’llolnsen  and IIaum
(-0.032, -0.023 and -0.020).

The gradients in J– K and V–A’ are also listed in Table 3 with llman values of --0,13+0.09  and –0.30+().19
rcspcctivcly.  l’hcse values confirm the work by previous studies in that color graclient,s are relatively weak in
cllipticals  (Cohen 1986, Boroson and Thompson 1987, I’ranx and IIlingworth  1990). Gradients from older studies
were typically –O. 10 in B – R which corresponds to –0.18 in v – y, ill good agreement with tllc mean gradient
in this  stucly. I’hc  conversion of V – K to [Fe/11] froln l]uzzoni, Gariboldi  and hiantegazza  (1992) ilnplies  the
same slopes as v – y. Rowcvcr, the mean J – K gradient  implies a A[l~e/11] that, is a factor  of two Ilighcr
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than calculated from the v – y or V – K colors. Using the calibration from Worthey  (1 992) produces a similar
discrepancy between v – y and J – 1{, so we conclude the difference is real and not model dependent,

I’llcre  is a correlation between color gradient and v – y color in the sense that red galaxies have steeper
gradients (see Figure 10). But, there is no corresponding correlation for b – y and only a very weak correlation in
J – K (but in the opposite sense, red galaxies have shallower gradients). The v – y correlation is even stronger
if core v – y values are used instead of integrated colors. Due to the CM relation, this correlation, by default,
implies that brighter, or more massive, galaxies have steeper gradients for colors that measure light elements
rather than total metallicity.

Several galaxies display more complicated structure in their color profiles that can be fit by a simple linear
relation. In fact, these galaxies (see NGC 6703 and NGC 7626 in Figure 9) universally have steeper inner profiles
and weak halo gradients. This was also seen in Thomsen and Baum  (1 989) for their hlgz profile of NGC 4839.
This is often more obvious when color is plotted against surface brightness, pV, as proposed by Thornsen  and
IIaum,  since values compared in log r space tend to blur the core colors compared to halo values. All the galaxies
with double components have similar patterns in that they all have steep core gradients connecting to shallow
halo gradients. The separation into inner and outer gradients is quite sharp and indicates a distinct mechanism
that decoupled the outer and inner stellar populations.

in the 2D data, the position angles and eccentric.ity of the Lest-fit ellipses matched, to within the errors, for
each bandpass  from 3500~ to 2.2pn1.  In other words, the isophotcs  match the isochroncs  in every color. However,
this result is restricted to the high S/N regions, typically 1/2 to onc r, since the algorithms that determine best
fit ellipse become unstable at 5$Z0 of the sky value. There is a thcoretica]  expectation that isochromes  be more
flattened than isophotcs  (I,arson  1975, Carlbcrg  1984), which is not, seen in this  data set.

IV. Discussion

The unique advantage of the Stromgrell  colors to tile study of color evolution in galaxies is out,lincd in Rakes,
Schombcrt  and Kreidl (1991). Briefly, the u – y color is a measure of rcccnt  star formation as signaled by blue
colors from massive O and B stars, v – y is a metallicity  indicator based on the ChT blend at 4170~  (SCC Dell,
llcsser and Cannon 1983) and b– y is a continuum measure, which for elliptical is a mean color of the composite
turnoff main sequcncc  stars and sub-giants (Rose 1985). In addition, the u – v color serves as a mcamre of
the 4000~ break, an age indicator and a standard probe in color evolution of distant galaxies (Spinrad  1986,
IIamilton  1985). q’he meaning of the near-IR colors are described in Pcrsson,  Frogcl and Aaronson (1979) with
respect to cllipticals  and are primarily a measui-e  of the dwarf to giant ratio (V – A’) and the mean metal licity of
the giant branch (3 – A’). lIowevcr, the mean agc of the stellar population, particularly a contribution by AGII
stars is also relevant. l’hc  above interpretation is, of course, simplistic and naive and makes many assumptions
about the 1 MII’, star formation history and the amount of recent star formation and thus, when relevant to
the discussion, we have been guided in our interpretation of our narrow band and near-IR  colors by a series of
spcctrocncrgy  distribution (SED) models available in tile literature (Ilruzua]  1983, Arimoto and Yoshii  1986,
Guiderdoni and Rocca-Voln~erange 1987, Worthey  1992) and by results for the optical filters from high redshift
samples (Rakes and Schombcrt  1993).

A traditional understanding of the global mctallicity  in elliptica]s  has come from the color-magnitude (CM)
relation (Visvanathan and Sandage 1977, Gricrsmith  1982). ‘1’his  relation reflects the mass- mctallicity correlation
expected if clliptica]s  are a single burst population where the total product of metals is proportional to the number
of supernovae initially present, tllcrcby  relating tile number of stars to tl]e total mass of the galaxy. In turn, the
numhcr  of SN determines the amount of gas heating for the onset of galactic winds which are balanced by the
gravitational potential of the galaxy. q’bus, the mean mctallicity  of the underlying stellar population is rcflectcd
into the integrated color by the increased opacity of giant stars, which lowers tbc lncan tcmpcraturc, and line
b]ankcting,  which decreases the flux in the near-b]uc, SUC1]  that massive, metal-rich clliptica]s  are redder than
tllcir  smaller, metal-poor cousins. ‘1’hcs.c  relations, for all tllc colors USCCI herein, are shown in Figure 5. For
comparison, tile slope of the mass-mctallicity  rc]ation  in 1~ – V is –0.038 and in U – V it is —0.126 (Gricrsmith
1982). Assuming a. constant f14/1, for elliptical (Faber and Gallagher 1979, Michaud 1980) and that Mg2 traces
the total metal content of a galaxy, X, then the slope for the v — y colors gives Afass  m Z52+-19 using the
calibrations from Buzzoni,  Gariboldi  and hfantcgazza  (1992) or A4USS  rx Z77+21 using tllc calibration from
Wortllcy  (1 992). This represents a change in [11’c/11] from O, the solar value, at Af}l = --18 to +0.3 for tlic
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highest luminosity galaxies. On the other  hand, the mass-metallicity  relation calculated from J -1< colors
produces A4ass m Z46+09.

l’hc  differences between est,imatcs  of total metallicity,  Z, from rJ – y and J – K may reflect the different
methods of sampling the mean mctal]icity  of the underlying stellar population. q’his  has recently been noted
by Silva and JNston (1992) in a parallel near-IR  study. For example, J – 1{ samples the mean temperature
of the giant branch as governed by the opacity of the stars driven by the number of free electrons, a quantity
directly proportional to Z. On the other hand, ZI – y measures primarily the CN blend a light clement measure
of mctallicity strength. In ~IIc, wc have related v – y color to h1g2 with high agreement. However, Mg2 a n d
other light elements may not be direct indicators of [Fe/n] and, thus, Z. ]n recent work, by Worthey, Faber
and Gonzalez (1 992), model indices were compared to detailed elliptical spectra and they conclude that the
[Mg/1’c]  ratio differs in elliptical in a manner such that the lighter elements are more abundant due to differing
enrichments from Type 11 SN’s during the epoch of first star formation. “1’lIus, our data would support the
observations of Silva and 121ston (1 992), and the Worthcy, Faber and Gonzalez models, since our v – y colors
indicate a increasing dependence on mass which is much stronger than tllc same relation determined from J – 1{
colors and which could be caused by an overestimate of [Fe/11] from light elements, such as C and N, versus true
Z dependence based on giant braucll  temperatures. This same behavior is also seen in the color gradients (see
below).

If wc adopt Worthcy  ’s most recent calibration of J – 1( to [11’c/11] as a measure of Z, and take the v - y
values converted to Mg2, then an empirical calibration from h4g2 to [1+’c/11] yields a slope of dh1g2/@’e/H]  =
0.11. ‘1’his is lower than the model slopes in the literature which range from 0.14 for Iluzzoni,  Gariboldi  and
Mantcgazza  (1992) to 0.26 from Worthey (1 992). This also implies that tile light to heavy clement abundances
(i.e. hfg/Fc) must change by a factor of two over the range of galaxy masses studied herein such that light
elements are ovcrcnhanced  in giant elliptical. ‘1’bus, we adopt t,hc value of A4USS  w Z46*05  from our J — K
colors to represent the true change in total mctal]icity.

‘1’hc L – y colors display no correlation with luminosity and the tJ – y index should be less sensitive to
mctallicity  Lban any broad band near-blue colors, such as B – V, hccause  the 6 ancl y filters arc chosen to avoid
any metal features, although this is not strictly true since any region of the near-blue spectrum has numerous
weak metal lines. In addition, this portion of the spcctrocncrgy  curve in cllipticals is more sensitive to sub-giants
and turnoff stars than giant branch stars (Rose 1985) and, therefore, is also less sensitive to mctallicity eflects
that change a star’s position in the lllL diagram. All of this implies that lJ – y is only mildly sensitive to mean
mctallicitics,  and more dominated by the composition of the subgiants (i.e. the dwarf to giant ratio). ‘1’bus, the
lack of correlation with luminosity is not surprising, but also states that the mean age of cllipticals, is highly
similar since the low dispersion in b – y must reflect a low dispersion in the color (age) of turnoff stars and a
similar mean lMII’ between clliptica]s.  l’llis  agrees with the analysis by Wyse (1985), that cllipticals  arc formed
by a snort  burst, of star formation at a similar epoch.

‘1’hc u – y colors also show a low dispersion and no star forlnation  involving massive stars is indicated as
onc would expect from tllc obvious old, gasfrcc nature of cllipticals.  I1owcvcr, the colors arc too blue for any
expectation based on SED models in the ]itcraturc. ‘1’his  is also not unexpected since cllipticals  have long been
unexplained in the (JV (see Ilurstcin  ct al. 1988), but  this is usually only detectable in the far-UV.  It has
prcvious]y been unclear whct,hcr  this is a mcta]licity  effect, (although this  would indicate a low, not high, metal
population dominating the UV) or some contribution froln a blLIc 1111 population or exotic population such as
I’N core stars. Our arguments below leads us to believe that a weak BJI 11 contribution, which is minimal at
5500~,  yet substantial in the hotter lJ\~, is the underlying contributor to the u – y colors.

“1’hc behavior of the colors and their small dispersion agrees with previous studies in interpreting c]lipticals
as an old population with little star formation or reddening cfl’cc.ts. “]’his behavior is also confirmed in work
using the Stromgrcn  filters to trace color evolution with rcdshift  (Itakos  and Scholnbert  1993). That study also
foul]d a relationship bctwccn continuum colors that closely matc]l  the cx],cctcd  theoretical values for a simple,
single generation stellar population as it evolved with ti]nc as prcdictcd  from tlic SE]) models  of Guidcrdoni
and Rocca-Volmcrangc  ( 1987). In addition, it was found that tllc 6 – y colors follow the single age population
models closer than v – y whicl]  signaled a mctallicity  effect and the changing contribution from metal poor stars
at various cpoclls  to the v – y colors. ‘1’bus, wc will continue to intcrpretatc tllc cllangcs  in colors with radius as
a mcta]licity  effect rather than a age or rcccnt  star formation prol)lem.
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As anticipated from the known characteristics of cllipticals,  the core properties seen herein are indicative of
an old, metal-rich stellar population. The core u – y values are listed in ‘l’able 1. The mean value is 1.59 ~ 0.08
which represents a [Fe/H] of +0.03 based on calibration from Worthey  (1992). The distribution of core [Fe/11],
based on v – y values, are shown in Figure 11. IIalo  metallicities  based on colors measured at r,, the half-light
radius, are also shown in Figure 11. Extrapolating colors from ?>~ to the IIohnberg  radius (26 B mag arcsec-z)
gives a typical outer halo metallicity  of –0.8. The mean value of –0.8 lies above a value for the metallicity
of a halo Pop 11 system of our Galaxy and serves as an important constraint in galaxy formation theory since
tllc lowest [Fe/11] represents the metallicity  of tllc earliest generation of stars and defines the timcscalc  of early
star formation. Globular cluster systems in elliptical have lower [I~e/11]  than halo stars at same radius (Mould,
Okc and Nemec 1987), unlike the stars in our own Galaxy halo which have a typical [Fe/II] = – 1.5 (Carney
1988). This would strengthen arguments that globulars  around elliptical have their origin as captured systems
from past merger events. l’he core [Fe/11] value also appears to have an upper limit at +-0.4. This maximum
mctallicity  is a prediction from several numerical and analytical solutions where the maximum value of Z matches
the yield from stars (Tins]cy 1980, Arimoto and Yoshii 1986).

Color gradients reflect the details of the formation processes wllcre iufalling  gas is enriched by mass loss
from stars. Dissipation causes the higher metallicity  gas to flow inward where later star formation freezes the
mean [l~e/H] value (and thereby color) into the stellar orbits resulting in these gradients (Larson 1975). The
gradients in u – y and .l – 1{ are expected to bc the strongest since they actually measures a mctallicity feature
or phenomenon and this is true in the data, “l’he v – y gradients correspond to AMg2/Alog r = –0.044 + 0.024
which translates into A[Fe/H]/Alog  r = —0.22 + 0.07 using tile Worthey  (1992) calibration. The gradients
implied from the J — K colors are A[Fe/11]/Alog  r = —0.44 ~ 0.25, a factor of two greater. This is similar to the
discrepancy found from the CM relation between v – y and J – 1{ and, again, wc feel this signals a decoupling of
liglltcr versus heavy element abundance estimates, such that the heavy clement gradients are steeper. As stated
in $111, the gradients tneasured,  when converted to [Fe/11] are, in genera], modest. However, recent models
have been developed which predict these behavior based on cl~el~~oclyllalllical N-body simulations that includes a
primordial mixture of warm and cold dark matter (Stiavclli  and Matteucci 1991), For a galaxy of 101 Ihfo  these
models predict gradients of A[Fe/H]/Alog  r = –0.11, which is about 1/4 tllc values found by this study, and
Ah4g2/Alog  r = –0.05 which is very close to the gradients measured in v – y.

The b – y colors also show radial gradients, although at a lesser degree then v – y or the near-IIt colors.
‘1’llis  is somewhat surprising since there is no Ch4 relation for b – y and tI – y does not correlate with Mg2 (as
would bc expected since the filters were chosen to avoid spectra] features). There will always bc at least  a weak
dependence on metallicity since lower Z will push turnoff stars and sub-giants blueward  in mean temperature
(although not as dramatic as changes in giant stars). To quantify this effect, a comparison with SII;D models and
the standard stars was performed and b – y was found to bc a factor  of ten ICSS sensitive to mctal]icity  than v -y.
IIowever, the typical L – y gradient observed herein is as large as 1/2 the v – y value. If we rule out mctallicity,
then tllc remaining possible factors are agc gradients or peculiarities in the stellar population. Agc is an unlikely
l~ossibility since the mean dispersion on t,hc sample of in b – y is very small, indicated a similar agc over a range
of masses, and there is no correlation bctwccn  luminosity and gradient slope. A more likely candidate for the
blue gradients in h – y are changes in tllc stellar content from a core, metal-rich pol)ulation  ([1’e/11]  = +0.3) to a
halo, metal-poor population ([ F’c/Ii]  = –0.8). Since the b – v colors are sensitive to warm and hot stars blueward
of tllc giant branch, changes in the horizontal branc]l immediately come to mincl. Following the analysis from
l’clcticr,  Valcntijn  and Jamcson  (1 990), wc find that a composite IL,ed and Blue 1111 contributing 5% of the total
light at 5500~ will move the b – y colors blueward  by 0.044 mags from a IUl B of a metal-rich population A pure
111111 population would move the b – y colors blucward  up to 0.1 mags. ‘J’here is no impact on the near-IIt colors
and only a small shift in v – y. l’bus, wc conc]udc that all tile gradicnt,s  in L – y, and some small amount of the
gradients in v – y, are duc to the shifting contribution from 111111 stars as the mctallicity dccreascs  into the halo.
l)ctailcd  lnodeling  using SII;D  models combining the late stages of stellar evolution (1111 and AGII populations)
plus chcmica] evolution are yet to be developed, but these observations inc]icate that colors gradients will be an
exccllcnt  test to the assumptions inherent in such lnodcling.

As mentioned above, many galaxies disl~lay a two colnponcnt, gradient cllaracterimd l)y a strong core gradient
with a shallow halo gradient. ‘1’his  t,ypc of behavior is prcdictcd  by a hybrid merger plus a dissipation collapse
scenario of galaxy formation where seed elliptica]s  formecl  at, high rcclsllift I]luc.11 along  tllc lines of traditional
dissipation processes with infalling,  cnricllcd  gas producing tile in]lcr strong gradicnt,s,  “J’]lis scenario produces
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a spcct,rum  of cllipticals  wit,])  masses ranging from dwarfs to approximately 1/2 1,*. Brighter elliptical where
later constructed by mergers with neighbors, typically lower in luminosity and, thus, lower in mean metallicity.
Outer gradients formed with the disruption and friction of accreting  material to procluce shallow gradients.
Unfortunately, this scenario predicts that all the higher luminosity elliptica]s  all have double component gradients,
which is not seen here. Other studies have suggested a merger history for bright elliptical based on kinematic or
structural reasons (Schombert  1987), and perhaps an environmental effect is present where only cluster elliptical
arc merger products.

I.astly,  Figure 10 demonstrates the peculiar behavior of the color gradients with respect to the mean color
of the galaxy. ‘l%e near-llt colors and 6 — y show no trcud;  however, there is a positive correlation with the t — y
gradients such that redder, more massive elliptica]s  have steeper v – y gradicuts.  If wc continue our interpretation
that v – y measures the light  e]emcut  abuudancc gradients, then this correlations indicates that the light to heavy
clcmcnt  ratio changes with galaxy mass in a manner such that tllc light elements arc overenhanced  in the cores.
lU the context of the differences with total light to heavy clcmcut  changes with galaxy mass,  then it appears
that the light element cnhanccmcnt  is t,icd to the gravitatiolial potential, i.e. light elcmcnt,s are stronger in the
cores of galaxies and for higher mass systems. Several mechanisms are cliscusscd  in Worthey  (1 992) for this type
of cnllauccment,  but only timcscale  difference in the rate of star formation are rclcvaut  to these observations,
Overall, the basic mechanism is to somcllow increase the number of ‘1’ypc  11 SN, which produce a majority of
the light elements, but the cause remains outside the boundaries of these study,

V. Conclusions

Wc have prescutcd  a study of medium to bright elliptica]s  in six bauc] passes from 3500~ to 2.2~im in order
to quantify their colors and color gradients and to rcla.te these to metal] icity and properties of the underlying
stellar population. Our choice of the Stromgren  filter system allows us to introduce a ncw calibration to the
M g2 system and [Fe/}1] from our narrow band v – y indices, I’l]c long bascliuc  from v to nea.r-IIt  1{ allows a
direct comparison of a spectral color versus a color dominated by tllc mean temperature of the giant branch (i.e.
J -
(1)

(2)

(3)

(4)

1{). We summarize our observations and iutcrprctatiou as the following:

“1’here is a. good correlation bctwccn  v – y and Mg2 providing a connection between one light element
metal] icity indicator (v – y ceutcrs  on the CN blcud) and another, hfg2. A changing ratio of Mg/Fe  in
elliptica]s  (Worthcy,  Faber, and Gonzalez 1992) would })e an annoying complication, but, not insur~nountab]e
with comparison to near-Ilt  colors which measure the true luetallicity,  Z, as reflcctccl in t,hc changes in the
temperature of cool giants due to opacity effects. If we adopt our J – h’ colors as a measure of [Fe/II] and
Wortbey  ’s calibration to [Fe/H], then wc empirically dctcrminc  that dMg2/d[Fe/11] = 0.11, which is lower
than prcdictcd  by chemical evolution modc]s.

‘1’hc  color histograms can be found in Figure 4 corrcctccl for Galactic extinction and redshift  effects. Once the
color-magnitude relation is taken into account, the disl)ersion is totally explained by obscrvationa]  error and
color gradients supporting the idea that clliptica]s  arc a sing]c  gcncratiou  family wit])  minor modifications
to account for duration of the initial burst of star forlnatiol}  and merger effects (SCC below),

‘1’lIc  color-maguitudc  relations for all five optical and ucar-I}t  colors arc shown in Figure 5, CI’he strongest
corrclatiou  exists for the metallicity colors, v -- y and 3 – I i ’ . When v – y is couvcrtcd  to [Fe/11] the
implied mass-mctal]icity  relation is M m Z77. IIowcvcr,  the near-IIL color, J – 1{ indicates a shallower
mass-m eta]licity relation of AI cx Z46. We attribute this to a decoupling of light clement abundances to
c.ano~lica] measures such as [l’c/II] as proposecl  by Worthcy,  Iabcr and Gonzalez, It is wortllwhilc,  in further
studies, to specify comparison to indirect measures of Z, sucli as tllc hlg2 systcm  or the v — y CN colors
presented hcreiu,  versus a direct measure of a galaxy’s total nleta]licity  from tile opacity of giants stars as
rcflcctcd  in the J – K colors for this rcvcils CIUCS to the style of star formation at formation time (i.e. an
enhancement in ‘1’ypc 11 SN rates). We adopt tllc J — Ii’ values as a measure of Z.

“J’hc distribution of core mctallicitics raugcs  from [1’c/11] = –0.1 to -I ().4 with a mcau value of -I 0.1. This
value colnpares  well wit])  our own Galactic bulge mct,allicity  of + ().3 (Itich  198(i). ]Ialo  mctal]icitics  arc
around –-0.8, which is greater than our own Galaxy’s Ilalo or that of glol)u]ar c]ustcrs  around galaxies. l’lle
moclcls of Arimoto and Yoshii (1986, scc their l’igurc 3) predict an upper  limit at [I!’c/11]  =. 0.35, which is
seen in the data.
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(5)

(7)

(8

(9)

,.

Gradients are present in every color for 13 of the 15 galaxies. ‘1’he mean gradient in v– y is A(v–y)/Alog  r =
–0.18 + 0.08 or A(v  – V)/Apv  = –0.06 + 0.03, expressed in the dimensionless units of surface brightness.
‘1’his corresponds to AMg2/Alogr  = –0.044 + 0.019 or AMg2/Alt  = –0.015 + 0.007. The gradients in
tllc near-IR as just as significant, yet provide a different value of A[k’e/11]/Alog  r = –0.44, a factor of two
greater than the ones determined from optical band passes due to reasons discussed in (3), These are modest
gradients with respect to the present models of galaxy formation (Fall and Rfstathiou  1980, Fall and Rees
1985), but agree with previous values based on broad band colors, and with gradients determined from
spectral features (AMg2/Alog  r = –0.058 + 0.027, Gorgas, I;fstathiou  and Salamanca  1990).

‘1’he  color-gradient correlation in Figure 10 shows that more massive galaxies have steep gradients. Since
gradient strength is an indicator of the timescale  of the initial phase of star formation, this supports the
hypot,llesis that high mass galaxies had a faster epoch of star formation than less massive galaxies. I)e-
convolving narrow band colors and stellar population effects (as they affect A4/L) should allow a detailed
understanding of the [Fe/11] by mass within a galaxy, This would yield a powerful tool in the modeling of
the galaxy evolution and constraining initial conditions of galaxy formation.

A double  component nature to the color gradients is found in ma]ly of the e]lipticals  studied herein, both
in the optical and near-IR.  ‘1’hese  two components are always represented by a strong core gradient and a
shallow halo gradient (see also ~’homsen  and Ilaum).  ‘1’his  behavior is consistent with a formation scenario
where seed cores are formed by disspationa]  star formation wit]]  a later epocl) of mergers with metal-poor
neighbors (see below). At the very least, this real variations in radial gradients implies a complicated
formation process.

The surprising behavior of our continuum color, b – y indicates that, changes in stellar population forbid
a simple analysis of metallicity  without guidance by SEI) models. Galaxi&  with gradients in v – y also
display weak gradients in 6 – y and, despite an expected factor of ten less sensitivity, the b – y gradients
are only a factor of two less than the v — y gradients, Our interpretation of this phenomena is based on
the contribution from IIIIB stars as the lnean metallicity  of tile underlying stellar population moves from a
[l’e/II] value of +0.3 in the core to -0.8 iu the halo. Our crude estimates based on a 1% contribution at
5500~ suggests that population clifference  can explain all of the 6 – y gradients. This serves as a cautionary
tale  for future multi-color photo] netry  studies.

Our basic conclusions differ little from I’homsen  and IIaum (1 989)  in that we find elliptical are primarily
higl] [Fe/11] systems with low gradients. Clearly, these gradients represent, a scenario where metal-poor stars can
be found at all radii, but more metal-rich stars tend to form later  and are more centrally concentrated. We also
find that halo stars in disk galaxies are not as metal-rich as the halo stars in elliptical or their or}>itiug  globular
clusters. Note that tlie above conclusion indicate that elliptical arc not composed of distinct stellar population
components like our Galaxy (i.e. thin disk, thick disk, bulge and halo), but rather contains a smooth continuum
of stars all formed within approximately 1 Gyr during the epoch of initial star formation. Rllipticals  are, to first
order, well matched to a simple, single metallicity model in their  integrated properties, but as the gradients in
this study shows, there is a much more complex nature to the underlying stellar l)opulation  that is resolved in a
spatial manner. q’his has farther reaching implications for different wavelcllgth.s,  due to complications from 111111
stars, for a metal-poor population may have a IIegligible effect on ol)tical  bandpasses,  yet will be substantial in
the near and far-UV  portions of the spectrum,

It is not surprising to find, as we learn more about the composition ofellipticals,  that the early star formation
history appears more complicated than the standard scenarios of galaxy formation. The two component gradients
structure that we find implies two possible scenarios for elliptical forlnatioll. One is that, there existed an early
pl)asc of star formation which was slower than the timcscalcs  for gas infal] until a mean [1’e/11]  of – 1 was
rcachcd.  ‘J’hen, cooling through metal lines increased the mean SFlt which then sharpened the inner gradients.
“1’lle second scenario is based on the idea that, if the subunits that build protogalaxics  are stellar then the
mctal]icity  gradients are weak, lf those subunits are gas-rich, tllcn strong gradients are produced (Fall and Rees
1985). SO that, our observations support the idea that the core region of elliptic.a]s  arc the original seeds build
from gaseous protogalactic lumps. And tllc halo regions, and a substantial alnount  of tllc mass, is produced by
mergers of neighboring protoga]axics  after the first phase of star formation. “1’]lis is also supported by structural
and kinclnatic  arguments for brig]lt clliptica]s  (Schombcrt  1987), althoug]l  it must bc relnclnbcred  that we have
not cxllaust,cd different ideas to l)roducc varying gradicn(s  in color. For cxanll)lc, stochastic variation in tllc



initial star formation weakens gradients in high a systems. Finally, wc note that the lack of an extreme mctal-
poor population in the halo of elliptical also supports the theory of rapicl enrichment due to the strength of the
initial phase  of star formation. lhis era of strong star formation also quickly built  a hot thermal gas component,
seen at the current epoch as an X-ray halo. ‘1’his  halo could also serve to prevent the formation of [Fe/11] < –1
stars from remaining pockets of metal-poor gas or infalling gas preserving the gradients we see today.
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‘1’able 1. l’hotornctric  I’ropcrtics

O b j e c t  M B  u–vu–yv –yb–yv-yO  V-l{ J–l{hfg2

N315 -21.6 1.39 2.87 1.48 0.63 1.47 3.37 0.94
N41O –21.3 1.27 2.85 1.57 0.66 1.58 3.41 0.93
N507 –21.3 1.33 2.83 1.50 0.69 1.51 3.42 0.86
N631 –19.6 1.40 2,96 1.56 0.68 1.58 . . . . . .
N680 –19.8 1.22 2.74 1.53 0.69 1.53 3.16 0.83
N2693 –20.5 1.10 2.78 1.68 0,66 1.74 3.26 0.87
N 2 9 7 4  –19.2  1.14 2 .76 1.62 0.69 1.66 3.40 0.88
N3608 –18.5 1.19 2.78 1.60 0.68 1.62 3.24 0.83
N3998 –18.5 1.03 2.80 1.77 0.63 1.67 . . . . .
N4261 –20.3 1.20 2.82 1.62 0.66 1.64 3.26 0.89
N4374 –20.4 1.17 2.83 1.66 0.69 1.67 3.32 0.82
N4406 –20.6 1.23 2.92 1.69 0.58 1.71 . . . . . .
N4477 –19.0 1.17 2.79 1,63 0.70 1.64 3.37 0.86
N5846 –20,3 1.19 2.84 1.65 0.61 1.65 . . . . . .
N6278 –19.0 1.31 2.82 1.51 0.59 1.47 . .
N6411 –20.2 1.31 2.80 1.49 0,68 1.55 . . . .
N6495 –19.3 1.26 2.79 1.53 0.66 1.54 . . .
N6702 –20.4 1.30 2.79 1.49 0.69 1.50 3.15 0.84
N6703 –19.9 1.25 2.78 1.53 0.69 1.60 3,28 0.81
N7332 –18.7 1,32 2.77 1.44 0.67 1.45 3.02 0.80
N7562 –20.1 1.14 2.61 1.47 0.62 1.52 3 . 3 3  0 . 9 2
N7626 –20.7 1.17 2.94 1.80 0.75 1.75 . . . . . .
N7785 –20.5 1.31 2.90 1.59 0.75 1.61 3 . 2 0  0 . 8 6

0.283
. . .

0.302
. . .

0.287
0.328
0.300
0.312

. . .
0.330
0.305
0.311

0.321
. . .

0.270

0,272
0.280

. . .
0.291
0.336
0.296

‘1’able  2. hd can colors

< u – v  >= 1.23+0.09
< u – y >= 2.82 +0.06
<v–y>=  1.593:0.09
< b – y >= 0.67 & 0.04

< Fc/Jl >= -t 0.03
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Figure 1 -

Figure  2-

Figure  3-

Figure 4-

Figure  5-

Table  3. Color Gradients

N315 –0.12+  0 . 0 1  –0.13+0.04  –0.07+0.04
N41O –0.16 f 0.02 –0.38 + 0.04 –0.07 + 0.04
N507 –0.09+  0.01 –0.51 + 0.03 –0.30 + 0.08
N631 –0.19+  0.04 . . . ,..
NG80 –0.13+  0.02 –0.41 ~0.05 –0.23+  0.05
N2693  –0.43 ~ 0.09 –0.24 + 0.08 –0.17 + 0.05
N2974 –0.29 + 0.03 –0.23+ 0.02 –0.08 + 0.03
N3608 –0.25 + 0.05 –0.30+  0.08 –0.08 + 0.04
N3998 –0.25 + 0.02 . . . .
N4261 –0.20 + 0.04 –0.2 : ~0.10  –0.05 + 0.09
N4374 –0.20 + 0.01 –0.18+ 0.01 –0.12+  0.01
N4406 –0.21 + 0.01 . . . . . .
N4477 –0.15 + 0.02 –0.21 + 0.01 –0.12+  0.01
N5846 –0.104. 0.01 . . .
N6411  –0.12~  0.02 . . . .,.
N6495 –0.13 + 0.03 . . . . . .
N6702 –0.08 + 0.01 –0.34 + 0.06 –0.17 + 0.06
N6703 –0.15 + 0.06 .
N7332 –0.16 A 0,01 –0.38+  0.05 –0.16 + 0.04
N7562 –0.23 + 0.02 –0.04 + 0.08 –0.03 + 0.05
N7626  –0.27 & 0.01 . . . . . .
N7785 –0.14 + 0.02 –0.21 + 0.05 --0.25+ 0.05

l“igurc  Ca])tions

‘1’hc Stromgrcn  and near-IR  filter systems shown together with a sl)ect rum of a typical bright elliptical.
IIroad spectral features arc marked. Note,  in particular, the v filter lies in a region dominated by the 41’70~
CN blend. l’lle  near-]11  filters J 111{ arc identical to those dcscribcd  in ]’crsson,  I’rogcl  and Aaronson (1979).

Core ZJ – y colors versus the Mg2 index. “J’hc  Stromgren  color t – y can be calibrated to the Mgz metallicity
systcm  (Faber et al. 1989) as shown in this Iinc.ar fit to tl]e correlation. ‘1’lle fit parameters arc listed. Closed
symbols represent norlna] elliptical) whereas open symbols rel)rcscnt  e]lipticals  with bright  X-ray halos or
cooling flows.

Comparison of Mg2 indices and v – y colors (convcrtcd  to Mgz) for NGC 2693. Mg2 line measurements are
from l)avidage  (1 992) with his error bars shown. ‘J’here is cxccllcnt  agreement between the two methods
supporting our conclusion that measurements from u – y can be mapped onto tllc Mg2 system.

l.umillosity  wciglltcd integrated colors for tllc samp]c in all oIJtical and near-IIt filters. Colors are uncorrected
for the color-magnitude relation. If corrected, tlic clispcrsions arc l>urc]y observational error. ‘1’here was no
significant separation between normal ancl cooling flow galaxies in tile ol)tical  passbands;  however, differences
in tl]c near-lli (not shown) will bc discussed i]) a future paper.

The color-rnagnitudc  relation for tllrcc  optical and two near-l It colors. Jlluc magnitudes arc taken from the
literature. ‘1’here are solid correlations in all colors but, tllc continuuln  color, b – ~, ‘1’llc mass-metallic.ity
relations imp]ied  by these correlations arc inconsistent, bctwccn  t)le ol~tical and near-] 11. q’hc most likely
candidate for this inconsistent behavior is a breakdown in tllc optical, main scqucncc,  light, clcmcnt  indicators
of Z and the near-IR giant branc]l indicators. As in previous figures, normal versus  cooling flow cllipticals
arc marked with diflcrent  sy]nbols.
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Figure 6-

Figure 7-

Figure 8-

Figure 9-

Figure

Figure

o-

1-

Color profiles in the optical metallicity  color, v – y. Gradient values are found in l’able  1. Error bars are
assigned from RMS errors on the surface photometry. Upward arrows indicate the region of the profile which
were fit for the gradients listed in Table 3.

Color profiles in the cross-band color, V – K. Gradient values are found in g’able 1. Error bars are assigned
from RMS errors on the surface photometry. Upward arrows inclicat e the region of the profile which were
fit for the gradients listed in Table 3.

Color profiles in the near-IIt color, 3 – 1{. Gradient values arc found in Table 1. I’:rror  bars are assigned
from RMS errors on the surface photometry. Upward arrows indicate the region of the profile which were
fit for the gradients listed in Table 3.

Color profiles of NGC 6703 and NGC 7626 plotted versus V surface Lrightncss  as pcr the prescription of
‘1’homsen and Baurn,  These two galaxies exhibit the double component nature of steep inner gradients and
weak  outer gradients discussed in text.

Color gradients versus mean integrated colors. q’he mctallicity  color, v – y shows a correlation with gradient
slope (in mags per  log v). The b – y colors displys  no correlation and the J — K color exhibits a weak and
opposite correlation to the v — y colors,

Core and halo [Fe/H] values assigned from the v – y colors and the conversion formula in $llc. 11 alo values arc
determined at r,, the half-light radius from r 1/4 fits, “l’]le mean Core va]uc is +0.3,  but the halo metallicitics

are much higher than globular clusters at similar radii.

Mary ]Iarsony:  IIarvard-Snlithsonian  Center for Astrophysics, 60 Garden St., MS 63, Cambridge, MA 02138

l’atricia  llanlan: Dept. of Astronomy, Univ. of hfichigan,  Ann Arbor, MI 48109

Karl Rakes: Institute for Astronomy, Turkenschanzstrasse  17, A-1 180, Wicn,  Austria

James hf. Schombert: 11’AC/Caltech,  N4S  100-22, Pasadena, CA 91125
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